Gene amplification, which involves the two major topographical structures double minutes (DMs) and homegeneously stained region (HSR), is a common mechanism of treatment resistance in cancer and is initiated by DNA double-strand breaks. NHEJ, one of DSB repair pathways, is involved in gene amplification as we demonstrated previously. However, the involvement of homologous recombination, another DSB repair pathway, in gene amplification remains to be explored. To better understand the association between HR and gene amplification, we detected HR activity in DM-and HSR-containing MTX-resistant HT-29 colon cancer cells. In DM-containing MTX-resistant cells, we found increased homologous recombination activity compared with that in MTX-sensitive cells. Therefore, we suppressed HR activity by silencing BRCA1, the key player in the HR pathway. The attenuation of HR activity decreased the numbers of DMs and DM-form amplified gene copies and increased the exclusion of micronuclei and nuclear buds that contained DM-form amplification; these changes were accompanied by cell cycle acceleration and increased MTX sensitivity. In contrast, BRCA1 silencing did not influence the number of amplified genes and MTX sensitivity in HSR-containing MTX-resistant cells. In conclusion, our results suggest that the HR pathway plays different roles in extrachromosomal and intrachromosomal gene amplification and may be a new target to improve chemotherapeutic outcome by decreasing extrachromosomal amplification in cancer.
Introduction
Gene amplification in the cancer genome frequently carries amplified oncogenes or drug-resistant genes 1 and is tightly associated with the development of cancer and treatment resistance. [2] [3] [4] Cytogenetic studies have classified gene amplification into two major topographical structures: extrachromosomal double minutes (DMs) and the intrachromosomal homogeneously staining region (HSR). 5 Various models of the mechanism of DM and HSR formation have been proposed, but the molecular mechanisms remain unclear.
Gene amplification is initiated by double-strand DNA breaks (DSBs), 6, 7 lethal damage that can be induced by radiation, 8 endonucleases (i.e., I-Sce I) 9 or antineoplastic agents (i.e., methotrexate, MTX). 10 Previous models of the formation of gene amplification indicate that broken DNA segments have the potential to rejoin. For example, in the B-F-B model, relegation between two broken chromatids can result in intrachromosomal amplification. 11 In the episome model, cyclizing ligation by DNA segments themselves can result in extrachromosomal DMs. 12 Thus, DSB repair pathways may be involved in gene amplification. In our previous study, we demonstrated a special role for one of the DSB pathway, NHEJ, in the formation of DMs. 13 Among DSB repair pathways, homologous recombination (HR) is a classical mechanism that consists of multiple interrelated pathways. Chen et al. has classified HR into four pathways: non-allelic homologous recombination (NAHR), gene conversion, break-induced replication (BIR) and singlestrand annealing (SSA).
14 Notably, all four processes share the same core molecule, breast cancer susceptibility gene 1 (BRCA1). 15, 16 BRCA1 plays a major role in several processes, including facilitating the transition from NHEJ to HR, 17 promoting the 5 0 -end resection of DSBs, 18 indirectly recruiting RAD51 to start HR strand invasion 19, 20 and controlling the cell cycle by activating the checkpoints, such as G2/M. 21 HR is commonly regarded as a high-fidelity repair pathway in maintaining genomic stability. 22 However, recent evidence has indicated that HR can tolerate and induce genomic structure variation, including duplication, deletion, and inversion by sporadic repeat regions. 23 Therefore, the role of HR in gene amplification remains controversial. Some studies have suggested that HR is involved in gene amplification. For example, in the primary eukaryote Leishmania, HR is a common mechanism yielding extrachromosomal amplicons between direct repeat sequences. 24 Joseph-George has also suggested that HR may result in intrachromosomal amplification, because of the highly repetitive nature of segmental duplications in families with 9q13-q21 duplication. 25 In contrast, Ruiz-Herrera et al. have reported that HR may inhibit gene amplification in human cells, because knocking down RAD54, an important dsDNAdependent ATPase of HR, increases the number of clones containing gene amplifications. 26 Thus, the association between HR and gene amplification in cancer remains to be investigated.
Gene dosage is determined by the balance between the formation and elimination of gene amplification. Micronuclei (MNs) and nuclear buds (NBUDs) are the main pathways for export of nuclear material, including amplified DNA, DNA repair complexes and excess chromosomes. 27, 28 In previous studies, the application of DNA synthesis or repair inhibitors, such as hydroxyurea, gemcitabine and NU7026, has been found to eliminate gene amplification by forming MN/NBUDs. 13, 29, 30 The formation of MN/NBUDs tightly depends on the cell cycle, 27 and the HR core protein, BRCA1, is a regulator of cell cycle checkpoints. 31 However, the influence of HR on the formation of MNs/NBUDs via cell cycle progression has not yet been elucidated.
In our study, we used MTX-resistant HT-29 colon cancer cell lines containing the DM-or HSR-form of gene amplification to directly understand the relationship between HR and gene amplification at the molecular level. Our results demonstrated that HR plays different roles in the formation of gene amplification and in MTX resistance in cancer cells.
Materials and Methods

Cell culture and medium
The HT-29 cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and was denoted MTX-sensitive cells. HT BRCA1-2 (DMs) and sh-control (DMs) and the transfected HSR-containing cells were named as sh-BRCA1-1 (HSR), sh-BRCA1-2 (HSR) and sh-control (HSR).
BRCA1 rescue assay
A lentivirus particles for negative control (LPP-NEG-Lv105-100) and BRCA1 (LPP-H0047-Lv105-400) (GeneCopoeia, Guangzhou, China) were transfected into sh-BRCA1-1 (DMs) cells respectively by MOI = 10 and were named as sh-BRCA1-ov-NC (DMs) and sh-BRCA1-ov-BR (DMs). All other steps were carried out as instruction of lentiviral transfection. Verification was done by Western Blotting.
HR-GFP repair assay
HR-GFP reporter plasmid (#26476, AddGene, Cambridge, Britain) was transfected into DM-containing MTX-resistant cells with Lipo2000 (Invitrogen, CA). Puromycin was added to select stable clones at a final concentration of 0.3 μg/mL. After the establishment of stable clone, siRNA of BRCA1/control (Ribobio, Guangzhou, China) and I-SceI plasmid (#26477, AddGene, Cambridge, Britain) were transfected into the cells with Lipo2000 (Invitrogen, CA). In BRCA1 rescue assay, BRCA1-expressing lentivirus was used 8 hour after siBRCA1 had been transfected. Three days after the transfection, half of these cells were tested to verify the expression of BRCA1 by Western blotting, and half of the cells were detected to verify the percentage of cells with GFP by flow cytometry assay (BD Bioscience, WA).
Real-time PCR
Genomic DNA was extracted using a QIAmp DNA Mini Kit (Qiagen, Dusseldorf, Germany). Real-time PCR was performed using a Light Cycler 480 SYBRGreen Kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. The DNA primers were as follows: DHFR-F: ATTTTGTTCAGTGCCTACCACA and DHFR-R: GCCTGAATGATATCTACAAGCTG, RAD1-F: TGTCA GTTGCGTGTCTTCAT and RAD1-R: AGACAGTAAAA CTCCCATCA, PLK2-F: ACCCTATGGGACTCCTCTTT and PLK2-R: GTATGCCTTAGCCTGTTCTG, ZFYVE16-F: AG GAAGCAACCACCACAAC and ZFYVE16-R: CAGCACCAC CAACAGATACA, MSH3-F: TGTCTGGTGTTTCGCCTGAT and MSH3-R: TTAGCCAATAACCGCTCTAC, CCNH-F: GT ATTGCAGCACTGATTATGTCC and CCNH-R: TCATGAA AATAGCCATAGGTGA, GLRX-F: CCCACATTGTAGGGAA TCAT and GLRX-R: CCCACAGTCTATTCGTAGCA, CAST-F: TTGACTCCATAGCCAACCTT and CAST-R: GTCACTTT TCCCAGAATCCG, ACTN-F: CTTCTACAATGAGCTGCGTG and ACTN-R: AAGCAAATAGAACCTGCAGAG.
Western blot assay
Briefly, total protein was extracted from cells by using RIPA buffer, and nuclear protein was extracted by Nuclear-Cytosol Extraction kit (Applygen, Beijing, China). The protein concentration was determined with a BCA Protein Assay Kit (Beyotime, Shanghai, China). Proteins were separated with 8% SDS-PAGE and then transferred to PVDF membranes (Millipore, MA). The membranes were blocked with 5% nonfat milk (BD Biosciences, WA) and 0.1% Tween-20 in Tris-buffered saline and immunoblotted overnight with primary antibodies at 4 C with gentle shaking. Subsequently, the membranes were stained with fluorochrome-labeled secondary antibody. Immunoreactivity was detected with an Odyssey fluorescence scanning system (LI-COR, NE) at wavelengths of 800 nm and 700 nm.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 10 min at room temperature and washed with PBS before permeabilization with 0.5% Triton X-100 for 10 min. Nonspecific binding sites were blocked with 5% BSA containing 0.5% Trion X for 1 h before incubation with primary antibodies overnight at 4 C. The cells were washed three times with PBS and incubated with secondary antibodies for 1 h at room temperature, and the nuclei were visualized by DAPI counterstaining for 5 min. Immunofluorescence images were observed using a fluorescence microscope equipped with the MetaMorph Imaging System (Universal Imaging Corporation).
Fluorescence in situ hybridization (FISH)
In brief, metaphase spreads of cells were prepared according to standard cytogenetic methods. BAC clones, RP11-90A9, RP11-91I22 and RP11-957J15 (BAC PAC Resources Center, Oakland, CA), were extracted using the Genopure Plasmid Midi kit (Roche, Basel, Switzerland) according to the manufacturer's protocol and were labeled with Cy3-dUTP, Cy5-dUTP or Green-dUTP with a BioPrime DNA Labeling System kit (Invitrogen, CA). The slides with interphase or metaphase spreads were treated with RNase for 40 min at 37 C before being washed with 2× saline sodium citrate (SSC). Subsequently, the slides were dehydrated with a graded ethanol series, then incubated with pepsin for 15 min at 37 C and washed again with PBS. The cells were fixed in 1% paraformaldehyde for 10 min and then washed with 1× PBS. After dehydration, the slides were treated in 70% formamide for 3 min at 75 C and subsequently washed twice in pre-chilled 2× SSC for 3 min. After dehydration, the cells were hybridized with labeled probes, mounted with rubber cement and incubated for 48 h at 37 C. The slides were then immersed for 15 min in 50% formamide pre-warmed to 44 C and subsequently washed twice with 2× SSC. After dehydration, the slides were counterstained with DAPI (Thermo, MA), and the cells were counted. The images were obtained with a fluorescence microscope equipped with the MetaMorph Imaging System (Universal Imaging Corporation).
Cell cytotoxicity assay
Cells in the logarithmic growth phase were seeded into 96-well plates at a density of 4500 cells/well and incubated for 72-96 h in the presence of MTX. Cell viability was measured using a CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, WI), and the OD value was read on a microplate reader (Tecan Austria GmbH, Grödig Austria) at 490 nm.
Flow cytometry assay
Cells were synchronized by culturing in serum-free medium through a conventional method, 32 and the block was released for another 24 h. In brief, the cells were fixed, washed and then analyzed with a CycleTEST PLUS DNA kit (BD Bioscience, WA). Finally, the cells were promptly subjected to flow cytometry (BD Bioscience, WA).
Statistical analysis
All results were based on at least three independent experiments. Western blot and real-time PCR results were compared with Student's t-test followed by Bonferroni's adjustment. The rank sum test followed by Bonferroni's adjustment was used to assess differences in the number of DMs and RAD51 or γH2AX foci. A Chisquared analysis followed by Bonferroni's adjustment was used to assess differences in the total MN/NBUDs, the formation rates of DHFR-containing MN/NBUDs, and the proportion of cells in the G2 phase of the cell cycle. When comparing two groups among three groups, P < 0.025 was considered significant.
Results
Increased HR is associated with gene amplification in MTXresistant HT-29 cells
To assess the involvement of HR in gene amplification, we first measured the expression level of BRCA1 in HT-29 MTXsensitive cells as well as HSR-and DM-containing MTXresistant cells and found that the BRCA1 protein level was higher in both HSR-and DM-containing MTX-resistant cells than in MTX-sensitive cells (Fig. 1a) . We then measured the accumulation of RAD51 in nuclei to evaluate homologous strand invasion. 33 As presented in the left panel of Figure 1b , the number of RAD51 foci was significantly increased in HSR-and DM-containing cells compared with MTX-sensitive cells. Moreover, the RAD51 nuclear protein level was also markedly increased in HSR-and DM-containing cells (Fig. 1c) . These results suggested that the HR pathway may have a correlation with gene amplification.
HR inhibition significantly attenuates extrachromosomal amplification in MTX-resistant cells
To investigate the association between HR and extrachromosomal amplification in DM-containing MTX-resistant cells, we stably silenced BRCA1 in these cells by using shRNA transfection (Fig. 2a) . DSBs were more extensive in BRCA1-depleted cells, as evidenced by γH 2 AX foci ( Fig. 2b ) and increased levels of γH 2 AX (Fig. 2c) . To further confirm the influence of BRCA1 silencing on HR activity, we measured the expression level of MRE11 and RAD51. In HR repair pathway, MRE11 programs DNA end resection and recruits RPA to single-stranded DNA. 34 As expected, in accordance with BRCA1 depletion, MRE11 was significantly downregulated (Fig. 2d ) and the accumulation of RAD51 in nuclei was also markedly decreased after BRCA1 depletion ( Fig. 2e and 2f ). We also rescued the protein level of BRCA1 in BRCA1-depleted clones ( Fig. 2g ) and found that both γH 2 AX foci and γH 2 AX protein level reverted (Fig. S1 , Supporting Information). As expected, RAD51 foci and protein level ( Fig. 2h and 2i) were also reverted. MRE11 protein level was reverted as well after BRCA1 rescued ( 
Relative expression level sh-BRCA1-ov-NC (DMs) sh-BRCA1-ov-BR (DMs)
To assess the effect of HR inhibition on the formation of DMs, we next detected the copy numbers of genes amplified in the form of DMs after BRCA1 depletion in DM-containing MTX-resistant cells. Because we have found the classical MTXresistant gene, DHFR, to be highly amplified on DMs in our previous study, we counted the number of DMs by locating DHFR. We found that the number of DHFR (red signal)-carried DMs sharply decreased after BRCA1 silencing (Fig. 2k) . The decreases in the DHFR copy number and DHFR protein level were also confirmed after BRCA1 silencing, as shown in Figure 2l and 2m. Beyond DHFR, our previous aCGH results have identified a panel of genes on chromosome 5. For example, ZFYVE16, MSH3, CCNH, GLRX and CAST were colocalized with DHFR within the same amplicon in HSRcontaining cells, whereas only ZFYVE16 and MSH3 showed similar co-localization in DM-containing cells. RAD1 and PLK2 were not amplified on chromosome 5 during the development of MTX resistance and were consequently used as negative controls. To further elucidate whether the inhibition of HR decreased incidence of cytogenetically manifested gene amplification in MTX-resistant cells, we evaluated the copy number of the genes in the above panel at the DNA level and found that both ZFYVE16 and MSH3 amplification dramatically decreased in BRCA1-depleted cells, as observed for DHFR, whereas the levels of RAD1, PLK2, CCNH, GLRX, and CAST were not affected (Fig. 2n) . To further confirm the role of HR in DMs, we also detected the copy numbers of genes amplified in the form of DMs by BRCA1 rescue assays. We found that the number of DHFR-carried DMs (Fig. 2k) , the copy number and protein level of DHFR (Fig. 2l and Fig. S3 , Supporting Information) and genes (MSH3 and ZFYVE16) localized in the same amplicon of DMs (Fig. 2n) DMs, but the ones transfected with BRCA1 shRNA were dead. Overall, the inhibition of HR decreased extrachromosomal amplification in MTX-resistant cells.
HR inhibition does not affect intrachromosomal amplification in MTX-resistant cells
To examine the effect of HR inhibition on intrachromosomal amplification, we also silenced BRCA1 (Fig. 3a) , which promoted DSBs, as evidenced by the level of γH 2 AX (Fig. 3b  and 3c ) in HSR-containing MTX-resistant cells. The HR activity assay indicated that MRE11 protein levels decreased after BRCA1 silencing (Fig. 3d) . BRCA1 depletion also significantly changed the number of RAD51 foci in nuclei or the RAD51 nuclear protein levels ( Fig. 3e and 3f ). The results above suggested that the inhibition of BRCA1 also promoted DSB and inhibited HR in HSR-containing MTXresistant cells.
To assess the effect of HR inhibition on the formation of HSR, we measured the genomic copy number of DHFR. However, the gene copies of DHFR did not change, and its expression did not differ between BRCA1-depleted cells and control cells (Fig. 3g and 3h) . We also evaluated the effect of HR inhibition on the incidence of cytogenetically manifested gene amplification in HSR-containing cells. However, the dosage of HSR-form amplified genes remained unchanged (Figure 3i ) in HSR-containing MTX-resistant cells. Because HSR was also observed in some DM-containing cells, we counted cells with or without HSR amplification in both control and BRCA1-depleted clones of DM-containing MTX-resistant cells Figure 2 . Inhibition of BRCA1 exacerbates double-strand DNA breaks, suppresses HR and decreases DM-form amplification in DM-containing MTX-resistant cells. a. Western blot analysis of BRCA1 protein levels and densitometry values in DM-containing cells: control and two BRCA1-depleted clones (n = 3, **p<0.005). b. IF assay for γH2AX protein in DM-containing control and two BRCA1-depleted clones (n ≥ 100, **p<0.005). c. Western blot bands for the γH2AX protein level, densitometry values in DM-containing control and two BRCA1-depleted clones (n = 3, **p<0.005). d. Western blot analysis of MRE11 protein level and densitometry values in DM-containing control and two BRCA1-depleted clones (n = 3, *p<0.025, **p<0.005). e. IF assay for RAD51 foci in DM-containing control and two BRCA1-depleted clones (n ≥ 100, **p<0.005). f. Western blot analysis of RAD51 nuclear protein levels and densitometry values in DM-containing control and two BRCA1-depleted clones (n = 3, **p<0.005). g. Western blot analysis of BRCA1 protein level and densitometry values in DM-containing control, BRCA1-depleted control and BRCA1-depleted rescued cells (n = 3, *p<0.025). h. IF assay for RAD51 foci in DM-containing control, BRCA1-depleted control and BRCA1-depleted rescued cells (n ≥ 100, **p<0.005). i. Western blot analysis of RAD51 nuclear protein levels and densitometry values in DM-containing control, BRCA1-depleted control and BRCA1-depleted rescued cells (n = 3, **p<0.005). j. Western blot analysis of BRCA1 protein level (left panel) and HR-GFP repair assay of the percentage of GFP+ cells (right panel) in DM-containing si-control, si-BRCA1 and si-BRCA1 rescued cells (n = 3, **p<0.005). k. Quantification of DMs with DHFR signal in DM-containing control and two BRCA1-depleted clones(left upper panel), and control, BRCA1-depleted control and BRCA1-depleted rescued clones (left lower panel), on the basis of FISH analysis of metaphase spreads. Values are mean AESD. BAC-containing DHFR was used as a probe and is marked in red; nuclei were stained with DAPI and are marked in blue (right panel) (n ≥ 100, **p<0.005). l. Real-time PCR analysis of DHFR amplification in DMcontaining control and two BRCA1-depleted clones (left panel), and control, BRCA1-depleted control and BRCA1-depleted rescued clones (right panel) (n = 3, **p<0.005). m. Western blot analysis of DHFR protein level and densitometry values in DM-containing control and two BRCA1-depleted clones (n = 3, **p<0.005). n. Real-time PCR analysis of other genes that co-localized with DHFR in chromosome 5, including RAD1, PLK2, MSH3, ZFYVE16, CCNH, GLRX and CAST, in DM-containing control and two BRCA1-depleted clones (left panel), and control, BRCA1-depleted control and BRCA1-depleted rescued clones (right panel) (n = 3, *p<0.025, **p<0.005). for at least 50 karyotypes, and differences between each group were analyzed with the Chi-squared test. As shown in Table S1 , no significant differences were detected between groups. To further verify the role of HR in the formation of HSR, we chose 2 × 10 −6 M MTX-resistant HT-29 cells which did not have HSR and depleted BRCA1 followed by adding 4 × 10 −6 M MTX to induce the formation of HSR. Because among all MTX-resistant cell lines we established, cells resistant to 4 × 10 −6 M MTX had an apparent HSR. A month later, BRCA1 depletion still continued after adding 4 × 10 −6 M MTX for a month (Fig. 3j) ; however, the copy number of DHFR increased significantly in 4 × 10 −6 M MTXadded BRCA1-depleted cells (Fig. 3k ) and as Figure 3l demonstrated, an obviously small HSR had already formed. These results suggested that HR inhibition did not affect intrachromosomal amplification in MTX-resistant cells.
HR inhibition eliminates extrachromosomal amplification via MN/NBUDs in association with cell cycle acceleration in MTX-resistant cells
The formation of MN/NBUDs can eliminate amplified genes from the nucleus. 28 To determine whether the inhibition of HR promotes the exclusion of DMs in this manner, we detected the formation of MN/NBUDs that contain amplified DHFR after BRCA1 depletion. Figure 4a showed the MN/NBUDs with or without a DHFR signal. As presented in Figure 4b , BRCA1-depleted cells showed a significant increase in the formation of MN/NBUDs. In addition, the formation of MN/NBUDs with DHFR signal also markedly increased. After BRCA1 rescued, both the formation of MN/NBUDs and the formation of MN/NBUDs with DHFR signal reverted (Fig. 4b) . Therefore, we suggested that the inhibition of HR promoted the elimination of DMs with DHFR amplification via MN/NBUDs.
The formation of MN/NBUDs tightly depends on cell cycle progression and mainly occurs during the S and M phases. 27, 35 Notably, the HR core protein BRCA1 is a regulator that activates the checkpoint regulation of the S and G2/M phases. 31 Thus, we explored the influence of BRCA1 on the cell cycle in DM-containing MTX-resistant cells. As shown in Figure 4c , cells in the G2 phase decreased significantly in BRCA1-depleted cells compared with the control. This finding suggested that the G2/M checkpoint might be inhibited after BRCA1 depletion. We then released starved cells at 0, 4, 8, 12, 16 and 20 h and detected the protein levels of cyclin B and CDK1, which regulate the G2/M checkpoint, in both control and BRCA1-depleted cells. The results showed that the protein levels of CDK1 and cyclin B were much higher in BRCA1-depleted cells than in control cells (Fig. 4d) , thus indicating that cells prematurely entered the M phase after BRCA1 silencing in DM-containing MTX-resistant cells. We hypothesized that the entire cell cycle was shortened after BRCA1 depletion. To test this hypothesis, starved cells were released at 0, 8, 16, 24, 32, 48, 56, 64 and 72 h before the protein levels of cyclin B were measured (Fig. 4e) . As expected, BRCA1-depleted cells reached one and a half peaks of cyclin B expression, whereas control cells reached the peak only once (lowest panel of Fig. 4e ). To further explore whether the formation of MN/NBUDs were tightly connected with cell cycle, we starved cells and released at 16, 24, 32, 48, 56, 64 and 72 h before the number of MN/NBUDs and MN/NBUDs with DHFR signal were counted. As presented in the upper panel of Figure 4f , in BRCA1-depleted cells, the formation of MN/NBUDs and MN/NBUDs with DHFR signal reached two peaks but in control cells they only reached one and a half from 16 h to 72 h. The trends of MN/NBUDs formation in both BRCA1-depleted and control cells were similar to the protein level of cyclin B (Fig. 4e) . It demonstrated that the formation of MN/NBUDs and MN/NBUDs with DHFR signal was also accelerated as was cell cycle in BRCA1-depleted cells compared with control cells. Hence, inhibition of HR promoted the entire cell cycle and might simultaneously promote the elimination of extrachromosomal gene amplification by MN/NBUDs.
Inhibition of HR increases MTX sensitivity in DM-containing MTX-resistant cells
DHFR amplification is the main machinery that underlies MTX resistance in cancer cells. Previous results have demonstrated that the inhibition of HR effectively decreases DMform amplification. Thus, to assess the effect of HR inhibition on the MTX sensitivity of cells, we examined the IC 50 value of both HSR-and DM-containing MTX-resistant cells. Two BRCA1-depleted clones showed a 2.58-fold and 2.05-fold decrease in the IC 50 value, respectively compared with control DM-containing cells. When BRCA1 expression was rescued, the value of IC 50 reverted to the level of DM-containing control. However, this difference was not identified in HSRcontaining cells (Table 1) , thus indicating that the inhibition of HR partially reverted the sensitivity to MTX in DMcontaining cells but not in HSR-containing cells.
Discussion
The amplification of drug-resistant genes appears to be a common mechanism of acquired resistance that frequently causes cancer therapy failure. Therefore, the molecular mechanisms that underlie the formation of gene amplification need to be explored. In our study, we found a significant increase in the expression of BRCA1 and RAD51 in both HSR-and DMcontaining MTX-resistant cells. Therefore, we investigated the association between HR and the development of gene amplification.
To examine the involvement of HR in the formation of DMs, we first inhibited HR by interfering with BRCA1 in DM-containing MTX-resistant cells. We found a dramatic decrease in HR proteins, including MRE11 and RAD51. Then HR-GFP assay demonstrated a decrease of GFP-cells after BRCA1 inhibition, thus indicating that HR function was successfully inhibited. To investigate the effect of HR inhibition 37 have also found long homologous sequences near amplicon breakpoints in humans, and they have suggested that HR may reconnect broken amplicons and consequently induce DNA duplications. In accordance with this conclusion, Colnaghi et al. have suggested that NAHR can induce an intrachromosomal deletion of a gene, and the deleted section might loop out of the chromosome, thus forming an extrachromosomal circular DNA. 38 Nonetheless, the above findings are all indirect and have primarily been inferred from specific sequence characteristics, such as direct tandem repeats or homologous recombination elements, and direct molecular evidence showing the participation of HR in the formation of extrachromosomal DMs in humans is lacking. Because HR may be able to loop out extrachromosomal amplicons if repetitive elements or transposable elements exist, 39, 40 we hypothesize that DMs may originate from the amplicon-abundant region, HSR, which would allow for HR to loop out DMs (Fig. 5) . However, our results do not corroborate those of Ruiz-Herrera's study, which has demonstrated an increase in the number of clones containing DMs after inhibition of the HR protein RAD54. This contradiction may be due to the different genetic backgrounds of HeLa cells, which lack HSR and sufficient repetitive segments in the genome for the HR pathway to loop out DMs. Thus, the formation of DMs after RAD54 inhibition may rely on other mechanisms, such as NHEJ or A-NHEJ, two additional DSB pathways. In addition, some clones (13/24, 54%) continued to exhibit DMs formation after RAD54 inhibition, thus suggesting that HR may be the trigger.
In contrast, HSR was not affected by HR inhibition, because the number of cells containing HSR-form gene amplification and the copy number of HSR-form amplified genes did not significantly change. Moreover, BRCA1 depletion had no influence on the formation of HSR after adding higher concentration of MTX in our study. Therefore, HR may not participate in the formation of intrachromosomal amplicons. This finding is consistent with those reported by Gibaud A's, in which whole-genome analysis detected no breakpoint junction sequences that would support reconnection of broken amplicon ends by HR. 41 Although the classical model of HSR formation based on the fusion of two sister chromatids, B-F-B, most probably correlates with HR, our results do not demonstrate a relationship between these two pathways. Thus, the mechanism of HSR formation remains to be clarified.
Previous studies have demonstrated that different mechanisms are responsible for the formation of DMs and HSR. Classical models of DM formation include episome resection, 12 looping out during G1/G2 42 and chromothripsis, 43 whereas B/F/B cycles have been implicated as a model of HSR formation. 11 Thus, we hypothesize that the formation of HSR and DMs may depend on different molecular mechanisms. For example, NHEJ is mainly involved in DM formation but not HSR. 13 In our study, we observed different roles of HR in the formation of DM and HSR. Specifically, our findings indicates that HR is involved at a later stage (i.e., the formation of DMs) and not in early stages (i.e., the formation of HSR) of gene amplification in MTX-resistant cells. These results may guide clinical targeted therapy on the basis of different amplification forms.
The accumulation of DSBs induced by external pressures, such as hydroxyurea or low-dose radiation, often promotes the formation of MN/NBUDs that entrap DNA fragments. 29, 44 Notably, a dysfunction in DNA repair pathways usually increases DNA breaks, thereby promoting the capture of DMs by MN/NBUDs formation. 45 Moreover, we simultaneously observed increases in DSBs after HR inhibition, the formation of MN/NBUDs and the exclusion of DMs by MN/NBUDs after the inhibition of HR. As Tanaka et al. have claimed, the formation of MN/NBUDs strongly depends on cell cycle progression [46] [47] [48] and the inhibition of the HR core protein BRCA1 may promote premature entry into cell. 47, 48 In our study, we found that HR inhibition abrogated the G2/M checkpoint, and cells consequently prematurely progressed to mitosis, thereby accelerating the entire cell cycle. By testing the formation of MN/NBUDs and DHFR-containing MN/NBUDs at different time points, we found highly similar formation trends in cell cycle progression. The formation of MN/NBUDs and DHFR-containing MN/NBUDs was also accelerated in BRCA1-depleted DM-containing MTX-resistant cells. Thus, we propose that the increase in the exclusion of DMs by MN/NBUDs after HR inhibition may be due to cell cycle acceleration caused by the weakening of the G2/M checkpoint (Fig. 5) .
Defining the factors that drive the formation of gene amplification would aid in identifying molecular targets to reverse drug resistance. Because BRCA1 is the core molecule of HR, its depletion or mutation can induce malignant transformation and reverse drug resistance. 15, 49 For example, Wiedemeyer et al. have reported that targeting BRCA1 and HR reverses platinum resistance in high-grade serous ovarian carcinoma. 50 In our study, we found that BRCA1-depletion increased MTX sensitivity in DM-containing cells and rescuing BRCA1 expression in BRCA1-depleted cells decreased MTX sensitivity to the level of sh-control. Because both the copy number and expression of the MTX-resistant gene DHFR were downregulated after BRCA1 depletion, we suggest that the inhibition of HR may partially reverse MTX resistance by decreasing DHFR amplification in cells. Moreover, because HR inhibition did not influence MTX sensitivity in HSR-containing MTX-resistant cells, we propose that HR inhibition enhances chemosensitivity solely by decreasing the effect of DMs but not HSR.
In conclusion, our findings illuminated the important role of HR inhibition in effectively decreasing extrachromosomal amplification and reversing drug resistance in MTX-resistant cells. HR may be involved in the formation of DMs and the inhibition of DM exclusion by facilitating cell cycle arrest at the G2/M checkpoint (Fig. 5) . Therefore, we propose that decreasing gene amplification via HR is an effective strategy to reverse drug resistance and enhance the efficacy of chemotherapy. 
